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Introduction
Ceramic matrix composites (CMC) are advanced materials with superior properties such as low density, high specific strength, high specific rigidity, high-temperature and corrosion resistance. These advanced characteristics make CMC an attractive alternative to metals such as titanium alloy and high alloyed steels. Currently, CMC are used in thermal protection systems of space vehicles, hot structures, vanes, nozzles and flaps of rocket motors and jet engines, etc. [1] [2] [3] [4] . C/SiC composites have excellent oxidation and ablation resistance, thus are used for heat-resistant components in aerospace. Great efforts are made to achieve near-net-shape using CMC, however, direct machining processes are unavoidable, and, at time large surfaces need machining to match the requirements specified for given application, especially for the thermal protection parts. However, high hardness, high strength and poor thermal conductivity hamper the machining of these composites using conventional methods. Polycrystalline diamond (PCD) tools used in machining of C/SiC are subject of severe wear in short cutting time [5] . Moreover, the inhomogeneous and anisotropic properties of C/SiC lead to high cutting forces and that cause process defects and surface damage. Consequently, the application of these composites is hampered by their poor machinability.
Researches has shown that rotary ultrasonic machining (RUM) is an effective technology for hard and brittle materials that secures improved surface quality and reduced tool wear [6] [7] [8] [9] [10] . Rotary ultrasonic face machining (RUFM) was firstly proposed by Pei et al [11] . Here, cylindrical or conical tools are used to re-direct uniaxial vibration into two directions i.e. axial and feed direction. Thus, the abrasives on the surface of cutting tool impact and disengage from the workpiece material with high frequency (16 kHz-50 kHz) in the cutting area. It was shown that the intermittent machining caused by the ultrasonic vibration of cutting tool in RUFM produces lower cutting force with a better efficiency than conventional machining. Therefore, the RUFM is a promising technology for machining C/SiC parts.
In RUM of C/SiC composite, the cutting force is the crucial factor that needs to be effectively controlled and predicted to reduce process defects and tool wear. To this aim, a number of researchers have investigated into the material removal mechanism and cutting force model in the RUM of advanced composites. The removal mechanism of brittle material in RUM is mainly studied based on indentation fracture theory and the material removal is considered as brittle fracture mode (cracks extension inducing the material peeling off). Pei et al [11] employed RUFM of advanced ceramic and found that the material removal mechanism was mainly brittle fracture. The micro material removal rate of single abrasive in RUFM was calculated based on brittle fracture mode. Bertsche et al [12] analyzed the macro kinematics between the diamond abrasives and the workpiece in the rotary ultrasonic grinding of advanced ceramic. It was found that the grits of a cylindrical tool had no separation from the workpiece in ultrasonic vibration cutting. In addition, the contact length of cutting tool with the workpiece was longer in RUM than in conventional machining, leading to a decline in cutting force.
Lin et al [13] studied the influence of the trajectory groove of the abrasives on the surface quality and cutting force in rotary ultrasonic grinding, and a matching model was developed based on the motion trajectory in view to optimize the process parameters. Feng et al [14] studied the RUFM of K9 optical glass and developed a mathematical model of cutting force under the assumption that brittle fracture is the primary mode of material removal. Xiao et al [15] developed a cutting force model for the RUFM of zirconia ceramics considering the effect of overlapping and intersection of brittle fracture zone on material removal. Zhang et al [16] machined C/SiC composite with the conical tool by RUFM and developed a cutting force model based on indentation theory, here it was found that the feed rate was the main parameter effecting the cutting force. Fan et al [17] studied rotary ultrasonic side milling of C/SiC in brittle fracture mode and established a dynamic cutting force model taking into account the changing of cutting angle. Wang et al [18] machined the internal surfaces of C/SiC cavity components using ultrasonic vibration filing with cuboid abrasive tool and the surface formation mechanism was analyzed in terms of motion trajectory. The abrasive size and ultrasonic vibration amplitude were found having a considerable influence on surface formation and filing force. Zhou et al [19] conducted the ultrasonic vibration-assisted scratch tests to reveal the material removal characteristics in RUM, and it was revealed that ultrasonic vibration reduced scratch loads and inhibited the micro-crack propagation during machining. Amin et al [20] developed a cutting force prediction model for rotary ultrasonic face milling of carbon fiber reinforced polymers based on brittle fracture mechanism. Their generalized model was applicable for the cylindrical and conical diamond abrasive tool in RUFM. Zhu et al [21] studied the clogging condition of cutting tool in the RUFM of C/SiC and developed the chip size model based on indentation theory to give guidance on the design of cutting tool. Ding et al [22] studied the performance of rotary ultrasonic drilling of C/SiC, and found that the drilling load and edge breakage were significantly reduced. Rotary ultrasonic drilling of advanced materials was also modeled based on brittle fracture removal mode [23] [24] and the developed cutting force models agreed well with the experiment results in a certain range of cutting parameters.
From the previous research work, it is found that excessive cutting forces have adverse effects on the performance of composite after machining. Therefore, there is a need in improved models of cutting forces for accurate prediction of process performance to reduce defects and scraps. However, only a few studies are devoted to the analysis of kinematics of the interaction between individual diamond abrasive and the workpiece material in the RUM with intermittent machining. Since the abrasive kinematics directly affects the cutting force and surface quality of C/SiC composite, there is an essential need to develop the cutting force model based on kinematics analysis in RUFM for such composite materials. This paper explored the interaction mechanism between abrasives and workpiece to develop a new cutting model for process optimization in RUFM of C/SiC composite. The kinematics of the separation of abrasives from the workpiece material caused by ultrasonic vibration in the cutting area is analyzed. The condition for intermittent machining with the conical cutting tool in RUFM was obtained. The penetration depth of the abrasive was calculated considering the brittle fracture mode along with the cutting force model. The relationship of machining parameters with cutting force was also investigated experimentally and key findings are presented along with correlation between modelling and experimental work.
Kinematics analysis of RUFM
The principle of vibratory RUM is that the relative motion between cutting tool and workpiece is changed by the addition of ultrasonic vibration to produce a positive effect on the machining efficiency and surface quality. The geometry of the diamond abrasive cutting tool used in RUM directly determines the vibration direction and the interaction mode between the abrasives and workpiece. An intermittent machining is generated when the abrasives are periodically separated from the workpiece material during RUM. Experiments have shown that intermittent machining in RUM can lower the average cutting force, reduce processing defects and improve tool life compared to conventional machining with the same material removal rate [25] [26] [27] . Therefore, the intermittent machining mode was generally expected during machining of C/SiC to make better use of the advantages of additional ultrasonic vibration. In RUFM, the ultrasonic vibration is parallel to the tool axis and perpendicular to the feed direction. Thus, the cylindrical tool used in machining has a continuous contact with workpiece in the cutting area [28] [29] , and was not achieve an intermittent machining.
In this research, the diamond abrasive tool has a conical shape to induce a component of the ultrasonic vibration in the feed direction. The abrasives on the cutting tool can periodically penetrate into and disengage from the workpiece at high frequency to cause a separation that is characteristics to conical cutting as shown in Fig. 1 . Meanwhile, in order to ensure the intermittent machining in RUFM, the cutting parameters and ultrasonic vibration factors (amplitude and frequency) need to be adequately selected. Therefore, the analysis of the kinematics of RUFM was firstly carried out to obtain the condition for the intermittent machining. Subsequently, the cutting force model was developed and validated under the corresponding processing parameters. Fig. 1 Schematic view of the RUFM process The motion of the cutting tool in the RUFM is a combination of rotational motion with the spindle speed S, horizontal feed motion with speed vf, and ultrasonic vibration along the tool axis as shown in Fig.1 . The ultrasonic vibration can be approximately sinusoidal vibration. The diamond abrasive tool was a truncated cone with an angel θ, and the rotation radius of abrasives on cutting tool at the cutting depth ap can be expressed as:
R1 is the minimum radius of the conical cutting tool. The angular velocity of the rotation ω is defined as follows:
S is the spindle revolutions per minute (rpm).
The displacement equation of the abrasives on cutting tool in RUFM can be expressed as:
t is the machining time, vf is the feed rate in the x-axis direction, A is the ultrasonic vibration amplitude, f is the ultrasonic vibration frequency, φ0 is the initial phase of ultrasonic vibration.
According to Eq. (3), the velocity of the diamond abrasives can be described as:
The acceleration of the diamond abrasives in RUFM can be then derived from Eq. (4) as: 2 2 22 0
Simultaneously solving Eq. (1), Eq. (2) with Eq. (3), Eq. (4) and Eq. (5), the motion characteristics including trajectory, velocity and acceleration in RUFM of abrasives can be obtained. The ultrasonic vibration features of the abrasives are shown in Fig. 2 . Due to the additional oscillation, the diamond abrasives on the cutting tool penetrate into the workpiece material for a certain time ΔT and disengage from the cutting area. Thus, the penetration depth of the abrasive changes periodically and has the maximum value δ at the peak of the oscillation. Fig. 2 The ultrasonic vibration features of the abrasives in RUFM As shown in Fig. 1 , the axial vibration can be decomposed into the vibn component normal to conical cutting area and the vibt component tangential to the conical cutting area. The material is mainly removed by the penetration and rotation of the diamond abrasives on the conical surface and on the tip of the tool. The vibn component will cause the separation of the cutting tool from the workpiece. For the analysis of abrasive-workpiece separation characteristics, an orthogonal system of coordinates was fixed on the conical cutting area as illustrated in Fig. 3b . The direction of penetration into the material by abrasives was adopted as the positive direction of Y axis. Referring to Eq. (3) and to tool geometry, the equation of motion in normal and tangential directions are expressed relative to Z-axis as: Fig. 3a shows the abrasives on the cutting tool initially penetrate in the workpiece material at point P, and the entrance angle is 0 degree. Then the abrasive rotates from point P to point P ' during each revolution of the cutting tool and exits out of the cutting zone material at 90 degree. In the conventional machining without vibration, the depth of penetration by abrasives into the material increases from zero to maximum along with the rotation from point P to point P '
. However, in the RUFM, the penetration depth of the abrasive is dynamically changing along with the ultrasonic vibration, as shown in Fig. 3c . The curve P1P1 ' and P2P2 ' are the approximate trajectories of the two adjacent abrasives on the cutting tool. The penetration depth is the result of the superposition of displacements in Y axis (Fig. 3b ) of the two adjacent abrasives in circumferential direction (Fig. 3c) . Therefore, the contact condition between cutting tool and workpiece in the RUFM is directly determined by the penetration depth. 
The time difference Δt between motions of the two adjacent abrasives in the rotational direction on the cutting tool can be expressed as:
a is the distance between the two adjacent abrasives. The second abrasive initially penetrates into the material at time t=Δt. The time lag of the motion of the second abrasive relative to the first abrasive will cause the phase difference of vibration and the displacement in the feed direction. The rotation of the abrasive is still 90 o (from the entrance angle 0 o degree to the exit angle 90 o degree). To superimpose the two motion trajectories in the same coordinate system as shown in Fig. 3b , the initial time when the second abrasive penetrating into the material at P2 can be set as t=0. Thus, the trajectory of the second abrasive can be expressed as:
When the abrasives penetration depth is kept constantly greater than zero during the rotation from P to point P ' , the cutting tool will be continuously in contact with the workpiece material, which is the situation in conventional machining. Conversely, when the penetration depth oscillates alternating its value from greater than zero to less than zero in the conical cutting area, the contact between cutting tool and workpiece will be interruptive instead of being a continuous contact. Consequently, an intermittent cutting process is induced in the contact zone. Therefore, in order to achieve an intermittent machining in RUFM, the motion trajectories along Y axis of the two circumferentially adjacent abrasives on the conical surface of cutting tool should have intersection points. Consequently, referring to Eq. (7) and Eq. (9), the superimposed trajectory equation can be expressed as:
The physical meaning of Eq. (10) is the dynamic penetration depth of the abrasives in the RUFM. Here in Eq. (10): vft.sin is the undeformed chip thickness in the conventional machining. The second part of Eq.(10) reflects the additional component imparted by the ultrasonic vibration on the penetration depth. The following equation should have real roots to ensure that the abrasive can disengage from the workpiece material in the cutting area during RUFM.
Thus, the mathematical relations should be satisfied as follows:
The solution of Eq. (8) and Eq. (12) leads to the expression of the condition for the intermittent machining in RUFM:
It can be seen from Eq. (13) that the separation characteristics between cutting tool and workpiece material in the conical cutting area is influenced by the factors including cutting parameters ( S, vf, ap), vibration parameters (A, f), the geometry of cutting tool (θ, R1), the abrasive parameters (a, determined by the mesh size and concentration). An intermittent machining can be achieved only by adequate selection of processing parameters during the RUFM.
Development of cutting force model
Using indentation fracture theory, the action of diamond abrasives grits on the workpiece material is assumed to be impact, abrasion and extraction along with the added ultrasonic vibration in RUFM as illustrated in Fig. 4 . The plastic deformation area appears first at the surface when the diamond abrasives penetrate into the substrate of the material. With the increase of penetration depth, a median crack grows and generates the lateral cracks [30] . The lateral cracks then extend and intersect with each other inducing the peeling of the workpiece material.
In Fig. 4 , δmax is the maximum penetration depth of abrasive, Cd is the depth of material removed by brittle fracture, α is the half angle of the diamond abrasives, Cl is the length of lateral cracks, Ch is the depth of lateral cracks, w is the half of the penetration width.
Fig. 4 Plastic deformation and crack generation
The material is removed layer by layer with the penetration and sweeping motion of the abrasives in the cutting area as shown in Fig. 3c . Thus, the machined surface is formed by successive actions of each passing abrasive.
For the machining of ductile materials, the penetration depth of abrasive is in the plastic deformation zone illustrated in Fig. 4 , here the amount of material removed by brittle fracture (Cd) is negligible. The material is mainly removed by plastic deformation or ductile flow, and the volume of removed material is equal to the swept volume by the motion of abrasives. Under this condition, the undeformed chip thickness (hm) shown in Fig. 3 can be considered as the maximum depth of penetration (δmax) into workpiece material by abrasives.
However, for hard/brittle materials including C/SiC, as shown in Fig. 4 , each layer of the removed material consists of two parts: the maximum penetration depth of abrasive (δmax) and the facture depth (Cd) induced by the lateral crack propagation. The machined surface is formed by the envelopes of the lateral cracks. Therefore, the undeformed chip thickness (hm) in machining of hard/brittle is the sum of penetration depth and the facture depth:
As shown in Fig. 3c , the undeformed chip thickness can be calculated from the feed of cutting tool for a time Δt equal to the distance of O1O2 [31] . It is therefore expressed as:
Δt is the time difference between motions of the two circumferentially adjacent abrasives. The substitution of Eq. (8) 
The relation of the indentation geometry in Fig. 4 can be given as follows [32] :
KIC is the fracture toughness of the workpiece material, Hv is the Vikers-hardness, E is the elastic modulus, c and b are constant numbers, c=2.88, b=0. 25 .
The solution of Eq. (17) 
The penetration depth is zero at the entrance point P and reaches the maximum at the exit point P ' as shown in Fig. 3c . The cross section of the undeformed chips removed by abrasives can be approximate as a triangle. Thus, the penetration depth of abrasives increases from 0 to δmax along the grit path of cutting. The diamond abrasives were assumed to be distributed uniformly of on the cutting tool surface and the distance (a) between the adjacent abrasives as shown in Fig. 5 can be determined experimentally as average gap between the grits. The position of an abrasive grit (m, n) in the cutting area can be defined by its ordinate and abscissa on the conical surface. Fig. 5 Distribution of the abrasive grits on the conical surface of cutting tool From the geometry in Fig. 5 , the number of abrasives distributed on the side line along with cutting depth ap can be defined as:
The following relationship also can be derived:
The number of abrasives distributed on the sector with radius of Rm was calculated as:
The maximum penetration depth (δmn) of abrasive grain at a position (m, n) was defined as:
And the substitution of Eq. (20) 
The diamond abrasive concentration is defined as the mass of abrasive per unit volume within working layer. In practical and industrial terms, a 100% concentration is defined as per cubic centimeter volume of abrasive grains containing 4.4 karats. Subsequently, any increasing or decreasing of 1.1 karats of abrasive, equates to an increase or decrease by 25%. With respect to the definition, the total number of diamond abrasives involved in cutting area was deduced as [23] :
  (26) Sl is the length of one side of the diamond abrasive grain that is obtain from the mesh size of abrasive, ρ is the density of diamond (3.52×10 -3 g/mm 3 ), Cα is the concentration of abrasives, A0 is the active area of tool involved in cutting.
The nominal area of a single diamond abrasive as depicted in Fig. 5 can be expressed as:
The solution of Eq. (26) 
The abrasives impact on the workpiece in the conical cutting area, and the instantaneous cutting force undergoes dynamic change due to the ultrasonic vibration cycle in RUFM. Using the definition of Vickers-hardness, one can express the following:
Fn
' is the cutting force at the penetration depth δ, k is a correlation factor that accounts for the geometrical inhomogeneity of abrasives and the effect of friction. The dynamic modulation of the depth of penetration caused by the vibratory component (vibn) perpendicular to conical cutting area is portrayed in Fig. 3b . Hence, using Eq. (6), the penetration trajectory of vibn shown in Fig. 6 , can be expressed as: Fig. 6 The penetration trajectory of abrasive during ultrasonic vibration cycle The depth of penetration during one oscillation cycle is shown in Fig. 6 , here, the abrasive enters in contact with the material at a time t1 (where δ=0). Subsequently, the abrasive grain penetrates deeper up to the maximum (δ=δmn) at the vibration peak (t=1/2f). The abrasive grit retracts gradually up to (δ=0) at a time t2. The dynamic progression of penetration depth can be expressed as:
    
The penetration trajectory of vibn can be simplified into the forms of straight lines as shown in Fig. 6 . It can be therefore approximated as: 
Based on the energy conservation theorem, the impulse of the cutting force Fn ' 
The average cutting force of a single abrasive grit (Fmn) within one vibratory cycle is then defined as a function of the frequency as: 
The total cutting force (Fp) perpendicular to the conical surface of the cutting tool is therefore the sum of the cutting force of all active abrasive grains involved in the cutting area, that is:
Referring to the geometry of cutting tool illustrated in Fig. 1 , the axial cutting force (Fa) was derived as: 
Experimental work
The cutting force model elaborated above is the key characteristics for intermittent machining during RUFM, therefore this model will perform adequately within a range of cutting parameters which satisfy intermittent machining conditions. It was shown above that intermittent machining can be achieved only when process parameters secure the conditions in Eq. (13) . When the process parameters are selected to generate intermittent machining, the resulting cutting force obtained in RUFM will radically different from conventional machining (without vibration). To support this and validate the newly developed model, a comparative experiment was conducted to illustrate the advantage of the superimposed ultrasonic vibration in the machining of C/SiC, and also to verify the condition stated in Eq. (13) for intermittent machining during RUFM. The developed cutting force model for intermittent machining in RUFM was extensively tested using a wide range of experiments within the effective range of cutting parameters.
Experimental setup
The experimental apparatus is schematically illustrated in Fig. 7 . The machining tests for the C/SiC were performed on a 3-axis vertical machining center (VMC0850B) with an in-house designed ultrasonic vibration device. In order to prevent potential cracks of C/SiC in the hightemperature structural application, the machining test were undertaken in dry conditions. The experimental setup had four main parts: an ultrasonic vibration system, a conical cutting tool, a 3-axis dynamometer for force measurement (9257B, Kistler) and a 3-axis milling machine. The ultrasonic vibration system consisted of a spindle driven by an ultrasonic generator, operating at a frequency of 17 kHz with the amplitude of 10 μm. The mechanical properties of the C/SiC workpiece are given in Table 1 . The process of manufacturing the samples was as follows: Twodimensional carbon fiber weave → Vapor Deposition (2-3 weeks) → liquid phase deposition and carbonization (4-6 weeks) →mild temperature purification process → rough machining → liquid phase deposition (about 2 weeks) and carbonization → high-temperature purification process → siliconized (2-4 weeks) → precision machining → finished. Vickers-hardness (Hv) 9.7GPa Fig. 8 depicts the conic abrasive cutting tool was designed and manufactured with the parameters shown in Table 2 . Fig. 8 Design of the conical cutting tool used in the experiment
Experimental design
The experiments involve three groups of input parameters (spindle speed S, feed rate vf and cutting depth ap). These cutting parameters were designed by single factor experiment array with three factors. The level of each factor was selected based on the theoretical calculation by Eq. (13) to represent both intermittent and continuous machining in RUFM as shown in Table 3 . The cutting parameters were selected based on the commonly used processing parameters for the RUFM of C/SiC. To illustrate the characteristics of intermittent machining, the comparative experiments were conducted for RUFM and conventional machining (without ultrasonic vibration). The cutting force model for intermittent machining in RUFM was validated using the recorded measurement data of the cutting forces. Table 3 Experimental process parameters 
Results and discussion

Comparison of RUFM and conventional machining
A set of comparison experiments was conducted to illustrate the advantage of RUFM and verify the condition for intermittent machining and the tool in Fig 8 was used for the experiments. Here the cutting forces were recorded for RUFM and conventional machining (without ultrasonic vibration) and the results are given in Fig. 9-11 . Using the mathematical relationship in Eq. (13), the critical cutting parameters for intermittent machining in RUFM were identified as follows：S > 500 rpm; vf = 3 mm/s and ap = 0.4 mm or vf < 3.2 mm/s at S = 2500 rpm and ap = 0.4 mm. Fig. 9 Cutting force as a function of spindle speed (vf =3 mm/s, ap=0.4 mm) Fig. 9 depicts the relation between the spindle speed and cutting force in the RUFM and conventional machining of C/SiC. As expected, the cutting force decreased with the increase of spindle speed. The reduction of the cutting force due to superimposed vibration in RUFM was about 18.2% comparing to conventional machining (without ultrasonic vibration) for spindle speeds below 1000 rpm. However, for spindle speed greater than 1500 rpm, vibratory RUFM outperformed conventional machining by up to 37% in force reduction. This indicates that the cutting characteristics in RUFM have transited from continuous machining to intermittent machining with the spindle speeds greater than 1000 rpm, which led to more reduction of cutting force in vibratory RUFM compared to conventional machining. It can be explained that as the spindle speed increases, the chip thickness decreases in both cases, but the added vibration leads to a further decrease in contact time and to thinner chips. The results is consistent with the critical spindle speed (S > 500 rpm) obtained for intermittent machining in RUFM. The influence of feed rate on cutting force is shown in Fig. 10 and as expected the cutting force increased with the increase of feed rate. It is observed that for feed rate greater than 3.5 mm/s, the improvement brought in by the vibration is about 15% reference to conventional cutting and decrease towards higher feeds. However, for the feed rate below 3 mm/s, the improvement reached about 28% towards lower feeds. As the feed rate decreased, the depth of penetration into workpiece material by the abrasives gradually reduced, thus the cutting characteristics in RUFM went from continuous machining to intermittent machining, which induced a further reduction of cutting force. This result supports the statement of the critical feed rate (vf <3.2 mm/s) obtained for intermittent machining in RUFM. Fig. 11 Cutting force as a function of cutting depth (S=2500rpm, vf =3mm/s) In Fig. 11 , with the increase of cutting depth as expected, the cutting force decreased by about 28% due to the outperformance of RUFM comparing with the machining without ultrasonic vibration. Here it is to notice that the increasing of cutting depth increases the total number of abrasives involved in the cutting area, but it has little effect on the penetration depth of individual abrasive on cutting tool. Thus, the separation characteristic in the conical cutting area during RUFM was not significantly influenced by the cutting depth.
The influence of vibration amplitude on cutting force is illustrated in Fig. 12 , here the amplitude was set and kept constant by a power compensation circuit. The optimum performance range of amplitude for intermittent machining calculated from Eq. (13) was A ≥ 4.3 μm for the process parameter S=2500 rpm, vf =1.5 mm/s, and ap =0.4. It is observed here that when the amplitude was less than 4 μm, the abrasives in the cutting area did not separate from the workpiece during machining, thus it can be seen from Fig. 12 that the cutting force slightly decreased comparing with the conventional machining (when A=0 μm). However, the cutting force reduced significantly by about 28% when the amplitude increased up to 10 μm, indicating that the intermittent machining was obtained with the increase of ultrasonic vibration amplitude. Fig. 12 Process performance in terms of cutting forces and vibration power as function of amplitude (S=2500rpm, vf =1.5 mm/s, ap=0.4 mm) Consequently, it is found that the RUFM can reduce the cutting force by 22% to 37% in the range of cutting parameters for intermittent machining, which is a great motivation for industrial application in the face machining of C/SiC. The benefit of RUFM in decreasing the cutting force can be explained from the kinematic relations between the cutting tool and workpiece. The vibrated tool causes the diamond abrasives to penetrate and to separate chips from the workpiece material at high frequency. The contact of the cutting tool and workpiece is intermittent and shorter in RUFM, thus it produces shorter chips which lead to less load per grit. In contrast, in conventional machining, the contact is continuous, so the contact time is longer with long chips meaning that the grit fully loaded for the entire contact length, which increases the friction and the load per grit. Therefore, in RUFM, the average cutting force is lower and this is supported by the results given in Figs. 9-11.
Cutting force model validation
A set of experiments for RUFM of C/SiC was undertaken to validate the cutting force model developed in Sect. 3. The cutting parameters in RUFM were first selected according to the theoretical range for intermittent machining in Table 3 . And then by the analysis of comparison experiment in Sect. 5.1, the specified range was further confirmed as: S≥1500 rpm at vf =3 mm/s and ap=0.4 mm or vf≤3 mm/s at S =2500 rpm and ap =0.4 mm. Therefore, the selected cutting parameters in Table 4 and Table 5 were in the range: S=1500-4000 rpm and vf =1-3 mm/s. The process of RUFM can be divided into three stages: enter, stable, and exit, as shown in Fig. 12 . The cutting force value was the mean value during the period of stable stage.
The results of the initial experiments were illustrated in Table 4 . The actual measured cutting forces (Fm) were compared with the simulation value without k (Fs') to calculate the constant number k in the cutting force model. Due to the anisotropic properties of C/SiC composites, the value of k fluctuated within a certain range. The least square method was adopted to calculate the k value for the cutting force correction. When the formula ∑(Fm−k*Fs') 2 for Test 1-10 got the minimum value, the k was obtained as 1.782. Then, another set of experiments with different cutting parameters in Table 5 was conducted to further verify the cutting force model. The comparative analysis of measured and simulated values of cutting force was carried out to quantify the error elucidated in Table 5 . The process performance in terms of cutting forces (measured and simulated) along with spindle speed, feed rate, and cutting depth is portrayed in Figs. 14, 15 and 16. It is seen that the cutting force decreased with the increase of spindle speed, but it increased with the increase of feed rate and cutting depth. These results agree well with the elaborated kinematics analysis of RUFM in Sect. 2. When the spindle speed increases, the time lag between the motions of two adjacent abrasives decreases, inducing the reduction of the cutting thickness of the abrasives on the cutting tool, thus the cutting force decreases. However, as the feed rate increases, the depth of penetration into workpiece material by abrasives increases, which produces larger load on cutting tool during RUFM. In addition, as the cutting depth increases, more abrasives are engaged in the cutting area, causing the rise of cutting force.
For the experiments undertaken, the error between modelling and experiments is below 15 %, except Test 8 (-16.2%) and Test 15 (-18.8%). These discrepancies are speculated to be due to the inhomogeneous and anisotropic properties of C/SiC composites. In the micro-perspective, the SiC matrix is reinforced by multilayer of carbon fibers, which caused uneven material properties in the cutting depth direction. The proportion of SiC and carbon fiber in the cutting area is not constant at different cutting depth during RUFM, therefore, the actual cutting force varied along with the cutting depth, inducing the recorded discrepancies between simulated and actual measurements. These variations are expected and accepted due to the nature of C/SiC composites. 
Conclusions
In this work, the RUFM was carried out on ceramic matrix composites of type C/SiC focusing on the kinematics analysis and cutting force modeling. The results of modeling and experimental studies lead to the following conclusions: 1. The kinematics between the diamond abrasive cutting tool and workpiece material during RUFM was analyzed. The axial ultrasonic vibration was decomposed into a tangential and normal component to the conical surface of cutting tool. The equations of motion including rotation, feed and ultrasonic vibration were derived to characterize the evolution of the cutting for individual diamond abrasive in RUFM. The diamond abrasives in the conical cutting area impacted into the workpiece material for a certain period and separated from the workpiece periodically due to the additional ultrasonic vibration. 2. The interaction between abrasives and workpiece material in the conical cutting area was studied and revealed the characteristics of intermittent machining during RUFM. The superimposed equations of trajectories for adjacent abrasives on cutting tool were derived to obtain the conditions that intermittent machining is achievable. It was shown that in RUFM, intermittent machining can be secured for given machining parameters formulated by mathematical relations elucidated in this work.
3. The specific range of parameters for intermittent machining in RUFM was verified by the analysis of the cutting forces difference. The effectiveness of ultrasonic vibration to reduce cutting force was found be enhanced when the spindle speed (S) and amplitude (A) increased or the feed rate (vf) decreased to certain value. In the comparative experiment, the RUFM with intermittent machining outperformed conventional machining by 30% in terms of reduction of cutting force and consequently cutting power requirement. 4 . A cutting force model was developed for the RUFM of C/SiC based on kinematics analysis and indentation theory. The model was validated by a set of experiments by comparing the measured cutting force and the simulated value, with an average error of 15%. Some discrepancies were observed in the cutting forces along with cutting depth due to the inhomogeneous properties of composites. The developed model can be used to design and optimize machining processes for generalized hard and brittle composites including but not only C/SiC to achieve improved process performance.
